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Alternanthera mosaic virusWe have developed plant virus-based vectors for virus-induced gene silencing (VIGS) and protein
expression, based on Alternanthera mosaic virus (AltMV), for infection of a wide range of host plants
including Nicotiana benthamiana and Arabidopsis thaliana by either mechanical inoculation of in vitro
transcripts or via agroinﬁltration. In vivo transcripts produced by co-agroinﬁltration of bacteriophage T7 RNA
polymerase resulted in T7-driven AltMV infection from a binary vector in the absence of the Cauliﬂower
mosaic virus 35S promoter. An artiﬁcial bipartite viral vector delivery system was created by separating the
AltMV RNA-dependent RNA polymerase and Triple Gene Block (TGB)123-Coat protein (CP) coding regions
into two constructs each bearing the AltMV 5′ and 3′ non-coding regions, which recombined in planta to
generate a full-length AltMV genome. Substitution of TGB1 L(88)P, and equivalent changes in other
potexvirus TGB1 proteins, affected RNA silencing suppression efﬁcacy and suitability of the vectors from
protein expression to VIGS.s Institute, Molecular Plant
e, Beltsville, MD 20705, USA.
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Several plant viruses, including tobamoviruses (e.g. Tobacco mosaic
virus; TMV), potexviruses (e.g. Potato virus X; PVX), potyviruses (e.g.
Zucchini yellow mosaic virus), Alfalfa mosaic virus, and Cucumber mosaic
virus, have been used for expression of plant-produced recombinant
proteins. These viral vectors have been used to produce many different
kinds of proteins in plants including allergens, antibodies or antibody
fragments, and vaccine candidates (e.g. Chapman et al., 1992;Donson et
al., 1991;Hsuet al., 2004; Yusibov et al., 1997; Zhaoet al., 2000).Another
important applicationof plant viral-basedvector systems is in studies on
host gene function. With more plant genomic information available, a
high-throughput tool is required. Virus-induced gene silencing (VIGS)
using viruses such as Tobacco rattle virus (TRV) and Barley stripe mosaic
virus is an exceptional reverse genetics tool that can be employed togenerate mutant phenotypes for determining function of unknown
genes (e.g. Holzberg et al., 2002; Ratcliff et al., 2001).
Effective viral-based protein expression vectors require the ability
to produce target proteins stably through high accumulation of viral
genomic RNA and/or subgenomic RNA. To be an effective VIGS vector,
replication and accumulation of viral RNA(s) should be high enough
to produce a threshold level of the replicative form dsRNA molecules
that enhance silencing, which has been reported to be a major factor
for VIGS (Lacomme et al., 2003), but lacking an effective suppressor of
RNA silencing.
Agroinﬁltration (e.g. Leiser et al., 1992), biolistic delivery of plasmid
(e.g. Gal-Onet al., 1997) or in vitro transcripts (e.g. Jakab et al., 1997), and
mechanical inoculation of either plasmids (e.g. Dessens and Lomonoss-
off, 1993) or in vitro transcripts (e.g. Domier et al., 1989) are the main
methods for delivery of viral nucleic acids into plant cells. Agroinﬁltra-
tion is relatively easy to apply with low cost; however, not all plant
species are susceptible to agroinﬁltration. In contrast, most plant species
can be infected by biolistic delivery or mechanical inoculation with
plasmids or in vitro transcripts, but the techniques are more laborious
and expensive than agroinﬁltration. Each method has advantages and
disadvantages, but sincemost virus-based vectors are constructedwith a
single promoter sequence, it has not typically been possible to use both
DNA and RNA delivery methods with the same vector.
150 H.-S. Lim et al. / Virology 402 (2010) 149–163Alternanthera mosaic virus (AltMV) has a natural host range that
includes a large number of ornamental plants, including several Phlox
species (Hammond et al., 2006a,b), and Portulaca (Baker et al., 2006;
Ciuffo and Turina, 2004; Hammond et al., 2006a,b), as well as
Scutellaria, Crossandra (Baker et al., 2006), and Angelonia (Lockhart
and Daughtrey, 2008). AltMV is a potexvirus most closely related to
Papaya mosaic virus, and was originally reported from a weed species,
Alternanthera pungens, in Australia (Geering and Thomas, 1999). We
have previously reported the full 6607 nt sequence of a phlox isolate,
AltMV-PA (Hammond et al., 2006a). A second isolate, AltMV-SP, has
been shown to be amixture of two distinct strains, one severe and one
mild; the predicted amino acid sequences of the mild and severe
strains differed at multiple positions in the RNA-dependent RNA
polymerase (RdRp) affecting viral RNA replication, and at one position
in TGB1 affecting suppression of RNA silencing (Lim et al., 2010).
Many plant viruses have beenmodiﬁed for either protein expression
or gene silencing. However, a single plant virus-based vector has been
unable to effectively fulﬁll both functions because of the conﬂicting
requirements for strong or weak RNA silencing suppression, for protein
expression andVIGS, respectively. Perhaps the best examples todate are
PVX (Chapman et al., 1992; Ruiz et al., 1998) and Bean pod mottle virus
(BPMV) (Zhang andGhabrial, 2006; Zhang et al., 2009), although PVX is
farmorewidely used for protein expression, and BPMVhas not yet been
widely adopted. Here, we report using AltMV to develop virus-based
vectors whose function can be easily changed from protein expression
to VIGS and that can also be introduced into plants by either
agroinﬁltration or, in plant species recalcitrant to Agrobacterium-
mediated inoculation, by mechanical inoculation of in vitro transcripts.
Also, bacteriophage T7 RNA polymerase and reverse genetic systems
were applied for developing this adaptable new plant viral vector,
applicable to Arabidopsis and soybean in addition to Nicotiana
benthamiana and a number of ornamental species. We have further
examined the factors affecting TGB1 function, and have adapted the
vector as a bipartite launch system, signiﬁcantly simplifying gene
insertion at themultiple cloning site and allowinghigher throughput for
gene expression or VIGS studies.Results
Transient expression of eGFP directed by bacteriophage T7 RNA
polymerase co-expressed by agroinﬁltration
Infectious transcripts of many positive-sense RNA viruses have
been produced using the bacteriophage T7 RNA polymerase (e.g.
Domier et al., 1989). Reverse genetics systems for either positive or
negative-strand viruses are also often based on transcription of viral
RNA by the T7 RNA polymerase (de Wit et al., 2007; Naylor et al.,
2004; Zheng et al., 2009), and a hybrid baculovirus-T7 RNA
polymerase system has been used for transient expression in
mammalian cells (Yap et al., 1997). We wished to determine whether
the 35S and T7 promoters could be combined in a single construct that
could be used for both in vitro and in vivo transcription, and whether
the T7 promoter could be utilized in planta as well as in vitro.
Therefore, we expressed T7 RNA polymerase from a binary vector
(Fig. 1A). The expressed T7 RNA polymerase was detected as a 98 kDa
band on a western blot (data not shown). The ability of T7 RNA
polymerase to direct gene expression in planta was evaluated by co-
inﬁltrating N. benthamiana leaves with pCAM-T7RNAP with pGD-
T7eGFP or pGD-PFGe7T, respectively containing eGFP coding
sequences inserted in sense and antisense orientations relative to
the CaMV 35S and bacteriophage T7 promoters. Inﬁltration without
pCAM-T7RNAP served as a control. In leaves inﬁltrated with pGD-
T7eGFP either with or without pCAM-T7RNAP, eGFP ﬂuorescence was
detected in almost every cell (Fig. 1B). In leaves inﬁltrated with pGD-
PFGe7T alone, no eGFP expression was detected, but in leavesinﬁltrated with both pGD-PFGe7T and pCAM-T7RNAP, eGFP expres-
sion was detected in 19 out of 200 epidermal cells examined by LSCM.
Co-expression of T7 RNA polymerase enhances infectivity of agroinﬁltrated
full-length clones of AltMV
Previously, we produced full-length clones of AltMV that were
used to synthesize infectious in vitro transcripts for mechanical
inoculation of plants (Lim et al., 2010). Full-length AltMV cDNA
including the fused T7 promoter was cloned into pGD-T7ttr and pGD
(Δ35S)-T7ttr binary vectors with the T7 RNA polymerase terminator
sequence downstream of AltMV to produce pGD-AltMV and pGD
(Δ35S)-AltMV (Fig. 2). In vitro transcripts from pGD-AltMV were
highly infectious, yielding symptoms at 7 dpi (Table 1). When plants
were agroinﬁltrated with pGD(Δ35S)-AltMV without pCAM-T7RNAP,
no plants were infected; however, when pGD(Δ35S)-AltMV was co-
inﬁltrated with pCAM-T7RNAP, all plants were infected resulting in
symptom development within 7–10 dpi (Table 1). When plants were
agroinﬁltrated with pGD-AltMV without pCAM-T7RNAP, most (66–
80%) plants were infected, showing symptoms in 15–25 days,
whereas in the presence of pCAM-T7RNAP, all plants were infected
and developed symptoms in 7–10 dpi (Table 1, and data not shown).
Thus co-expression of T7 RNA polymerase resulted in infectivity and
symptom expression similar to that of transcripts, and enhanced
infectivity from the 35S promoter.
We note that the presence of 54 non-viral nucleotides upstream of
the T7 promoter in the 35S transcript may have reduced initial
infectivity of transcripts from the 35S promoter. However, PCR
performed on the plasmid template, and on total RNA extracted
from systemically infected leaves of plants infected by agroinﬁltration
of pGD-AltMV in the presence of pCAM-T7RNAP clearly indicated lack
of non-AltMV 5′ sequence in the progeny virus population (Fig. 2B).
Replication of a defective AltMV genome by AltMV RdRp variants in a
transient expression assay
To test the ability of the RdRp region to support replication in trans
using agroinﬁltration, we separated the RdRp (with non-viral 5′ and
3′ UTR) and 5TGB123-eGFP-CP3C (Fig. 3A; with AltMV 5′ and 3′ UTR),
and inserted each into the pGD vector; RdRp constructs were
ampliﬁed from each of AltMV 3-1, 3-7, 4-1, and 4-7, which differ in
replication efﬁciency caused by a limited number of aa differences
(Lim et al., 2010). Each RdRp construct was co-inﬁltrated with pGD-
5TGB123-eGFP-CP3C; the empty pGD vector and pGD-5TGB123-
eGFP-CP3Cwere separately inﬁltrated as controls. All inﬁltrations also
included pGD-p19, but not pCAM-T7RNAP, so that eGFP expression
would reﬂect relative replication levels of 5TGB123-eGFP-CP3. To
evaluate differences in the RdRp function efﬁciency of the different
constructs, we analyzed eGFP expression controlled by each RdRp in
the same leaf tissue (Fig. 3B, upper) by LSCM at uniform laser power;
the relative level of eGFP expression was clearly 3-7N4-7N3-1N4-1
(Fig. 3C), in agreement with prior observations on symptom
expression and quantitative reverse transcription PCR (Lim et al.,
2010). Expression of eGFP was limited to the agroinﬁltrated area. A
western blot of leaf extracts demonstrated that expression of the CP
was also correlated with replication of 5TGB123-eGFP-CP3C in trans
by 35S-driven RdRp (Fig. 3B, lower). As the RdRp3–7 construct clearly
resulted in the highest level of expression of GFP from the duplicated
sg-promoter, pGD-5RdRp33–7 was selected as the basis for develop-
ment of a bipartite AltMV launch system.
T7 RNA polymerase is required for infectivity of the AltMV bipartite
vector
Wewere interested inwhether a bipartite vector could be generated
that would maintain the separation of the genome functions. First we
Fig. 1. Expression of an antisense eGFP with and without bacteriophage T7 RNA polymerase. (A) eGFP was ampliﬁed from pGDG using primers incorporating the T7 promoter. For
insertion in the antisense orientation relative to the 35S promoter (pGD-T7eGFP), eGFP was ampliﬁed with BamHI F-T7 promoter forward and XhoI R reverse primers; for insertion
in sense orientation (pGD-PFGe7T) XhoI F-T7 promoter forward and BamHI R reverse primers were used. (B) eGFP ﬂuorescence in N. benthamiana leaves agroinﬁltrated with pGD-
T7eGFP and pGD-PFGe7T in the presence or absence of T7 polymerase from pCAM-T7RNAP; pGD-p19 was included in all inﬁltrations in order to suppress RNA silencing. Epidermal
cells were imaged by LSCM at 2 dpi. pGD-T7eGFP was expressed throughout the epidermal layer either with or without pCAM-T7RNAP (left); no ﬂuorescence was detected from
pGD-PFGe7T in the absence of T7 RNA polymerase (middle), but was observed in 19 of 200 epidermal cells in the presence of T7 RNA polymerase (right). Bars=50 µm.
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(Fig. 4A), and three separate 3′ region constructs also including both 5′
and 3′ AltMV UTRs; pGD-5TGB123-CP3A (Fig. 4B) eliminated the RdRp
sequence entirely but maintained the complete 5′ non-coding region
fused to the TGB1 ORF, whereas pGD-5TGB123-CP3B (Fig. 4C) provides
no initiation codonwithin the remainingC-terminal RdRpORF fragment
(nt 4484–4720). pGD-5TGB123-CPC (Fig. 4D) consisted of an in-frame
translational fusion of N- and C-terminal domains of RdRp, which
overlaps TGB1. No infection was observed with [pGD-5RdRp3+pGD-
5TGB123-CP3A] either with or without pCAM-T7RNAP (Table 2).
Within 15–20 dpi, systemic symptoms were detected in some plants
inoculated with [pGD-5RdRp3+pGD-5TGB123-CP3B] plus pCAM-
T7RNAP (Table 2, and data not shown). When co-inﬁltrated with
pCAM-T7RNAP, [pGD-5RdRp3+pGD-5TGB123-CP3C] produced a
much higher incidence of symptomatic plants than [pGD-5RdRp3+
pGD-5TGB123-CP3B], in only 8–10 dpi (Table 2), similar to infection
with the full-length pGD-AltMV (Table 1). No symptomswere detected
in theabsence of pCAM-T7RNAP.Noplants ofN. benthamiana inoculated
with in vitroRNA transcripts of any combinationof pGD-5RdRp3 and the
various pGD-5TGB123-CP3 variants developed infection.
To determine whether the bipartite nature of the virus was
maintained in infectedplants, total RNAwas puriﬁed from symptomatic
leaves of systemically infected plants, and ampliﬁed using primersspeciﬁc for the 5′ and 3′ UTRs. A single large PCR product equivalent to
that from plants infected with pGD-AltMV was observed, without
detectable products representing the RdRp and TGB123-CP genome
fragments, indicating that the two RNAs had recombined in planta
(Fig. 5). Sequence analysis of progeny virus across the RdRp:TGB1
junction revealed a sequence identical to the parental full-length clone
in all six PCR clones examined, indicating that precise recombination
had occurred in the region of overlap between the RdRp and TGB123-CP
constructs (data not shown).
AltMV TGB1L88 and TGB1P88 show differential localization patterns that
may correlate with relative efﬁciency of silencing suppression
Wehave previously demonstrated that AltMV TGB1L88 is an effective
suppressor of RNA silencing, whereas TGB1P88 has signiﬁcantly weaker
silencing suppression activity; we have also shown that TGB1L88 and
TGB1P88 interact to interfere with silencing suppression (Lim et al.,
2010). In order to better understand these differences, we examined the
subcellular localization of GFP:TGB1L88 and GFP:TGB1P88 following
agroinﬁltration of pGDG-TGB1L88 and pGDG-TGB1P88 inN. benthamiana.
GFP:TGB1L88 was observed at the cell periphery, with areas of localized
concentration that may represent plasmodesmata, whereas GFP:
TGB1P88 had a more cytoplasmic distribution with irregular aggregates
Fig. 2. Construction of AltMV full-length clones for in vitro transcription and Agroinﬁltration. A. Full-length AltMV clones in the TOPO vector (Lim et al., 2010) were digested with PstI
and XmaI and the AltMV fragment inserted into similarly digested pGD-T7ttr. Subsequently, the AltMV XmaI and XbaI fragment was inserted into the pGD-AltMV PstI-XmaI subclone
cleaved with the same enzymes. There are 54 non-viral nt between the 35S promoter and the T7 promoter sequence. B. Three distinct forward primers to detect the pGDMCS, the T7
promoter region, and the AltMV 5′ UTR were separately paired for PCR with a common reverse primer within the AltMV RdRp sequence, using plasmid pGD-AltMV as a positive
control, or oligo(dT)-primed cDNA prepared at 20 dpi from total RNA from plants agroinﬁltrated with the bipartite constructs [pGD-5RdRp3+pGD-5TGB123-CP3C]. The results
demonstrate the absence of non-viral nucleotides in the viral progeny. C. The 35S promoter was removed from pGD-T7ttr as an EcoRI/PstI fragment to create pGD(Δ35S)-T7ttr,
before insertion of the AltMV genome in the same manner.
Table 1
Infectivity of pGD-AltMV inoculated to N. benthamiana by Agroinﬁltration and in vitro
transcripts.
Inoculation method Plants
infected
Time to visible
symptoms (dpi)c
pGD-AltMV in vitro transcription 15a/15b 7
pGD(Δ35S)-AltMV+pGD-p19 0/15 N.A.d
pGD(Δ35S)-AltMV+pCAM-T7RNAP+pGD-p19 15/15 7–10
pGD-AltMV+pGD-p19 12/15 20–25
pGD-AltMV+pCAM-T7RNAP+pGD-p19 15/15 7–10
a Number of plants developing systemic symptoms.
b Number of plants inoculated.
c Days post inoculation.
d Not applicable.
152 H.-S. Lim et al. / Virology 402 (2010) 149–163(Supplemental Fig. 1). Single expression of GFP:TGB1L88 or GFP:TGB1P88
also differed in nuclear localization; GFP:TGB1L88 was observed at the
nuclear membrane and as discrete nucleolar aggregates, as demonstrat-
ed by DAPI staining and co-localization with RFP:Fibr in the nucleolus
(Goodin et al., 2007) (Fig. 6A). In contrast, GFP:TGB1P88 accumulated at
the periphery of the nucleus (Fig. 6B).
Previously we reported that suppression of RNA silencing by
TGB1L88 protein of AltMVwas similar to results with SMVHC-Pro (Lim
et al., 2010). We further assessed the efﬁcacy of silencing suppression
of TGB1 variants in a transient GFP expression assay by comparison to
HC-Pro (Lim et al., 2010), and by western blotting to compare GFP
levels. At 2 dpi levels of smGFP ﬂuorescence observed by LSCM were
obviously higher in leaf areas co-inﬁltrated with TGB1L88 or HC-Pro
compared to TGB1P88 and the empty pGD vector control. The LSCM
Fig. 3. Evaluation of replication of a defective AltMV genome in trans by RdRp expression from a pGD binary vector. A. The RdRp region was ampliﬁed from each of the AltMV
infectious clones 3-1, 3-7, 4-1, and 4-7 and inserted into pGD at the XhoI and PstI sites between the 35S promoter and nopaline synthase termination region (NOS poly A) to form the
respective pGD:RdRp construct. 5TGB123-eGFP-CP3C containing the AltMV 5′ and 3′ non-coding regions was separately cloned into pGD between the 35S promoter and NOS polyA.
B. Equal concentrations of each pGD-RdRp construct and pGD-5TGB123-eGFP-CP3C were inﬁltrated to N. benthamiana leaves; (lower) a western blot of leaf extracts of: lane 1) pGD-
5TGB123-eGFP-CP3C; lane 2) [pGD-RdRp 4-1+pGD-5TGB123-eGFP-CP3C]; lane 3) [pGD-RdRp 3-1+pGD-5TGB123-eGFP-CP3C]; lane 4) pGD-RdRp 3-7; lane 5) [pGD-RdRp 4-7+
pGD-5TGB123-eGFP-CP3C]; and lane 6) [pG-RdRp 3-7+pGD-5TGB123-eGFP-CP3C]; developed with AltMV-speciﬁc antiserum. C. Laser-scanning confocal microscopy images of
epidermal cells were captured using equal laser power at 3 days post inﬁltration. Bar=100 µm.
153H.-S. Lim et al. / Virology 402 (2010) 149–163observations were supported by immunodetection of GFP from
equivalent samples of agroinﬁltrated leaf (Fig. 6C).
The observed differences in localization and RNA silencing
suppression activity between TGB1L88 and TGB1P88 led us to examine
phosphorylation as a possible explanation, as phosphorylation has
been shown to inﬂuence localization and function of some viral
movement proteins (e.g. Waigmann et al., 2000). GST:TGB1 fusions of
each variant were produced in E. coli, puriﬁed, and analyzed for
phosphorylation as described by Li et al. (2006). Although a control
protein, SnRK2 type kinase OST1 (Yoshida et al., 2006) was efﬁcientlyphosphorylated in this assay, no phosphorylation of either TGB1L88 or
TGB1P88 was detected (data not shown).
Substitution of Pro for Leu at positions equivalent to AltMV TGB1 residue
88 has similar effects on RNA silencing suppression activity and
subcellular localization of both PVX and NMV TGB1
Leucine residues equivalent to AltMV TGB1 residue 88 were
identiﬁed by alignment of multiple potexvirus TGB1 amino acid
sequences (Fig. 7A); we chose PVX and NMV for experimental
Fig. 4. Creation of bipartite AltMV constructs. A. The 3′ non-coding region of AltMV from nt 6482 to 6607 was ampliﬁed using primers including SpeI (forward) and XbaI (reverse)
sites and inserted to SpeI/XbaI digested pGD:T7ttr. The T7 promoter, AltMV3–7 5′ non-coding and RdRp region were ampliﬁed using primers including PstI (forward) and SpeI
(reverse) sites, and inserted as a PstI/SpeI fragment upstream of the 3′ non-coding region, creating pGD-5RdRp3; (a) RdRp-Rec-F denotes the site of the forward primer used for
ampliﬁcation of the region in which recombination occurs. B. The T7 promoter and AltMV 5′ non-coding region (nt 1 to 95) were ampliﬁed with XhoI forward and BamHI reverse
primers and cloned into pGD at these sites, followed by insertion of a BamHI (from 4704) to XbaI PCR-generated fragment including the triple gene block, CP, and 3′ non-coding
region to create pGD-5TGB123-CP3A. C. AltMV nt 4484 (including part of the RdRp region) to 3′ non-coding region was ligated to the T7 promoter/AltMV nt 1–95 clone to produce
pGD-5TGB123-CP3B. D. Full-length clone pGD-AltMV3–7 was digested with BamHI and re-ligated, removing the region between nt 224 and 4484 but maintaining the reading frame
of the deleted RdRp, forming pGD-5TGB123-CP3C; (b) TGB1-Rec-R denotes the site of the reverse primer used for ampliﬁcation of the region in which recombination occurs.
154 H.-S. Lim et al. / Virology 402 (2010) 149–163manipulation, as we had isolates of these viruses available. PVX TGB1
residue 86, and NMV TGB1 residues 86 and 89 (double mutant) were
mutated from Leu to Pro in cDNA clones obtained by PCR. Both the WT
and mutant PVX and NMV TGB1 clones were then expressed as GFP:
TGB1 fusions (pGDG-TGB1X) for localization studies, and as freeproteins
(pGD-TGB1X) to examine RNA silencing suppression.
PVX TGB1P86 was observed to accumulate around the periphery of
the nucleus and into the cytoplasm, whereas PVX TGB1L86 yielded
discrete aggregates within the nucleolus (Fig. 7B and Supplemental
Fig. 2); NMV TGB1P86/P89 also accumulated adjacent to, but without
apparent accumulation within, the nucleus, while NMV TGB1L86/L89
aggregated within the nucleolus (Fig. 7B), in a similar pattern to WTTable 2
Infectivity of bipartite AltMV constructs agroinﬁltrated to N. benthamiana.
3′ construct 5′ construct Days to visible symptoms (dpi)c
RdRp+T7
polymerasea
RdRp
onlyb
(RdRp+T7 polymerase)
pGD-5TGB123-CP3A 0c/15d 0/15 N.A.e
pGD-5TGB123-CP3B 1/15 0/15 15f
pGD-5TGB123-CP3C 10/15 0/15 8–10
a Co-inﬁltrated with pGD-5RdRp3, pCAM-T7RNAP and pGD-p19.
b Co-inﬁltrated with pGD-5RdRp3 and pGD-p19.
c Number of plants developing systemic symptoms.
d Number of N. benthamiana inﬁltrated.
e Not applicable.
f Days post inoculation.AltMV TGB1L88 (Fig. 6A); both variants of NMV TGB1were observed at
the cell periphery, and to varying degrees in the cytoplasm
(Supplemental Fig. 2). Western blotting with GFP-speciﬁc antibodies
revealed thatWT andmutant forms of both PVX and NMV TGB1swere
of the expected size (data not shown). Whereas PVX TGB1L86 and
NMV TGB1L86/L89 both showed obvious suppression of RNA silencing
in a transient expression assay (Bragg and Jackson, 2004; Lim et al.,
2010), both PVX TGB1P86 and NMV TGB1P86/P89 showedmuchweaker
silencing suppression activity and lower expression levels of GFP than
were observed with co-expression of smGFP with PVX TGB1L86, NMV
TGB1L86/L89, or p19 (Figs. 7D,E).AltMV vectors for protein expression and VIGS
As previously shown, TGB1P88 has a weak gene silencing
suppressor function, while TGB1L88 acts as a strong suppressor (Lim
et al., 2010). We therefore created two bipartite constructs differing
only in TGB1 residue P(88)L (Fig. 8A) of which the TGB1L88 construct
caused more severe symptoms (Fig. 8B, upper). We then used PCR
ampliﬁed eGFP and PDS (a 323 bp fragment of phytoene desaturase
coding sequence; EU165355) inserts to examine efﬁcacy of protein
expression and VIGS, respectively. Constructs pGD-5TGB1P8823-PDS-
CP3 and pGD-5TGB1L8823-PDS-CP3 were separately co-inﬁltrated
together with a combination of pGD-5RdRp3 and pCAM-T7RNAP.
Construct TGB1P8823-PDS-CP produced the PDS silencing phenotype
throughout infected leaves, while TGB1L8823-PDS-CP developed the
silencing phenotype only in parts of the leaf (Fig. 8B). When eGFP was
Fig. 5. RT-PCR to detect recombination in plants infected with bipartite AltMV constructs. A. Arrowheads indicate the positions of primers (1) in the 5′ non-coding region (NCR), and
(2) at the 3′ NCR/polyA tail of the 6607 nt AltMV genome. AltMV cDNA was synthesized using oligo(dT). B. Bipartite constructs pGD-5RdRp3 and pGD-5TGB123-CP3C each include
the 5′ NCR and 3′ NCR/polyA tail (c.4.9 kb and c.2.4 kb of AltMV sequence respectively). Primers (1) and (2) are as in panel A. C. PCR using primers (1)+(2), 1% agarose gel. Lane 1,
PCR from control (uninfected) leaf; lane 2, PCR fromwild-type AltMV infected plant; lane 3, PCR from bipartite infected leaf; lane 4, DNAmarker ladder. The origin of the small non-
speciﬁc products in lanes 1 and 3 was not investigated, but these products are smaller than the predicted 4.85 kbp pGD-5RdRp3 and 2.37 kbp pGD-5TGB123-CP3C transcript
products.
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at 30 dpi, TGB1L8823-eGFP-CP produced a much stronger eGFP signal
than TGB1P8823-eGFP-CP at the same laser settings (Fig. 8C), and
western blotting of systemically infected leaves conﬁrmed the higher
eGFP expression in plants infected with the TGB1L88 construct
(Fig. 8D). Symptom expression of plants infected with the GFP-
expressing derivative was similar to that in plants infected with
equivalent AltMV constructs without GFP (compare to Fig. 8B, upper).Fig. 6. Expression of AltMV TGB1L88 and TGBP88. A-B. Nuclear localization of GFP:TGB1 fusion
by LSCM. Left: DAPI staining, Right: co-expression with RFP:Fibrillarin (RFP:Fibr). Top —
represents 20×20 µm. A. GFP:TGB1L88 B. GFP:TGB1P88 C. Agroinﬁltration was used for com
(empty vector), pGD-TGB1L88, pGD-TGB1P88, and pGD-HC-Pro in separate areas of the sameN
at 488 nm; (lower) western blot of extracts agroinﬁltrated with pGD-smGFP and either p
antibody.Stability of eGFP expression following serial transfer of AltMV-eGFP in N.
benthamiana, and infection of the seed coat of both N. benthamiana and
A. thaliana
Expression of eGFP from an infection initiated using the binary
launch system was readily detected through four passages in N.
benthamiana by mechanical inoculation of sap from systemically
infected tissues, by LSCM; following the ﬁfth passage, faint expressionproteins transiently expressed in N. benthamiana leaves via agroinﬁltration, examined
overlay; middle — GFP channel; lower — DAPI (left) or RFP:Fibr (right). Each image
paring gene silencing suppressor function. pGD-smGFP was co-inﬁltrated with pGD
. benthamiana leaf. C. (Top) Each inﬁltrated regionwas examined at equal laser intensity
GD, pGD-TGB1L88. TGB1P88, or pGD-HC-Pro, respectively, developed with GFP-speciﬁc
156 H.-S. Lim et al. / Virology 402 (2010) 149–163of eGFP could be detected in initially infected leaves, but not in upper
leaves showing typical AltMV symptoms (data not shown).
In N. benthamiana and A. thaliana plants inoculated with AltMV3–7-
eGFP (TGB1L88), expression of eGFP was detected by LSCM insystemically infected leaves at 10 dpi (Supplemental Fig. 3, and data
not shown). At 30 dpi eGFP ﬂuorescence was detected in styles, and
petals of N. benthamiana (Figs. 9A,B). In addition, high levels of eGFP
ﬂuorescence were observed in immature seeds (Figs. 9C,D) at 50 dpi.
157H.-S. Lim et al. / Virology 402 (2010) 149–163Seeds were collected from four different plants, and immature seeds
were imaged using the 488 nm Argon laser; eGFP expression could
not be distinguished in mature seeds because they exhibited strong
autoﬂuorescence. Among 290 immature seeds from AltMV3–7-eGFP-
infected N. benthamiana, 112 (38.6%) showed eGFP expression.
No obvious symptoms of AltMV infection were observed in A.
thaliana, although western blotting readily detected CP in systemi-
cally infected leaves, and eGFP expression was detected by LSCM
throughout the plants (Supplemental Fig. 3), and later in seed pods
(Fig. 9E). Sixteen of 88 (18.2%) immature seeds examined by LSCM
showed obvious GFP expression (data not shown). One hundred
mature seeds of Arabidopsis from AltMV3–7-eGFP-infected plants were
germinated, and the seedlings were evaluated by LSCM; one seedling
was observed to show eGFP expression in the expanded cotyledons
(data not shown).
Substitution of PVX TGB1P86 into a PVX vector increases the efﬁciency for
VIGS
PVX TGB1P86 was substituted into an infectious PVX vector driven
by both the 35S and T7 promoters, creating pGD-PVX(TGB1P86)-MCS
and a PDS fragment introduced into both wild-type pGD-PVX-MCS
(TGB1L86) and pGD-PVX(TGB1P86)-MCS (Fig. 10A). When each was
inoculated to N. benthamiana by agroinﬁltration, photobleaching
indicative of PDS silencing was much more apparent in the presence
of TGB1P86 (Fig. 10B), indicating that PVX could also be modiﬁed for
improved VIGS efﬁciency.
Discussion
In plant virus-based expression, separate infectious viral clones are
typically required for in vitro and in vivo transcription controlled
separately by the T7 and CaMV 35S promoters (e.g. Baulcombe et al.,
1995). To utilize the advantages of both inoculation systems, we have
developed a new plant expression vector using AltMV. The new plant
virus vectors can be expressed from either the CaMV 35S or T7
promoter, or both promoters together, which enables efﬁcient
delivery by agroinﬁltration, or from a T7 RNA polymerase promoter
for either in vitro or in vivo transcription. Infectivity by agroinﬁltration
of a construct driven solely by the T7 promoter conﬁrmed the utility of
the T7 promoter and T7RNAP for in planta transcription. Furthermore,
the AltMV vectors can be applied for either protein expression or
VIGS. The newly developed bipartite AltMV vector systems combine
agroinﬁltration, recombination, and either a strong or a weak
silencing suppressor activity, useful for reverse genetics. Development
of this novel and versatile bipartite AltMV vector system required
validation of the efﬁcacy of several steps.
We initially determined that AltMV RdRp was capable of
supporting replication of a defective RNA in trans. Prior reports of
replication of naturally occurring defective RNAs of Clover yellow
mosaic virus (ClYMV; White et al., 1991, 1992), Bamboo mosaic virus
(BaMV; Yeh et al., 1999), and the occurrence of a satellite RNA of
BaMV that does not require maintenance of its single ORF for
replication (Lin et al., 1996) suggested that this might be possible.
Transiently expressed RdRp (lacking the cognate AltMV 5′ and 3′UTR)Fig. 7. Effects of Leu to Pro substitution in the TGB1 of PVX and NMV. A. CLUSTALW alignme
asiatica mosaic virus Nandina mosaic virus isolate (PlAMV-NMV), Zygocactus virus X (ZVX), P
mosaic virus (WClMV). The position of AltMV TGB1 residue P88 is in bold text; similarly positi
NMV and PVX TGB1 that were mutated to Pro. Key — * = conserved residues, : = conservat
localization of PVX and NMV TGB1 variants co-expressed with pGD-RFP:Fibr in N. benthami
Fibr. B. pGDG-PVX:TGB1P86 (left), pGDG-PVX:TGB1L86 (right). B. pGDG-NMV:TGB1P86,89 (lef
the nucleus and/or nucleolus, whereas the ‘P’ forms aggregates primarily at the periphery
function by co-inﬁltration of pGD-smGFP with TGB1 variants, and GFP expression levels evalu
antibody (Bottom). D. pGD-smGFP was co-inﬁltrated in the indicated leaf quadrants with em
pGD-p19 (lane 4). E. pGD-smGFP was co-inﬁltrated in the indicated leaf quadrants with
(lane 3), or pGD-p19 (lane 4).of each of our infectious clones of AltMV was able to support localized
replication of a defective AltMV-eGFP RNA having a 4260 nt deletion
in the RdRp. The level of eGFP expression correlatedwith the source of
the RdRp, consistent with the relative levels of replication of the full-
length viruses (Lim et al., 2010), and allowed us to select AltMV3–7 as
the basis for development of a bipartite launch system.
Secondly we demonstrated in vivo activity of T7 RNA polymerase
following transient expression via agroinﬁltration. The bacteriophage
T7 RNA polymerase is well known, and has previously been utilized
from a chromosomal insertion for high-level expression of genes in
bacteria (Studier and Moffatt, 1986); and tissue-speciﬁc or inducible
expression in plants (Nguyen et al., 2004). However, it was ﬁrst
necessary to demonstrate that T7RNAP transiently expressed in plants
was able to function in co-inﬁltration experiments. In the system
described here, both pCAM-T7RNAP and pGD-PFGe7T were delivered
to N. benthamiana by Agrobacterium. Althoughwe observed only a low
incidence of eGFP ﬂuorescence (19 out of 200 cells) when pGD-
PFGe7T and pCAM-T7RNAP were co-agroinﬁltrated, pGD-AltMV was
able to infect plants within 7 days when similarly co-inﬁltrated with
pCAM-T7RNAP, comparable to the infectivity of in vitro T7 transcripts.
The low levels of eGFP expression may reﬂect the minimal 3 nt leader
of the T7-derived pGD-PFGe7T transcript. In the absence of pCAM-
T7RNAP, agroinﬁltration with in vivo transcription from the 35S
promoter alone resulted in infection in amajority of plants, albeit with
reduced efﬁciency (66–80%) and a 7–18 day delay in symptom
production relative to plants inoculated with in vitro T7 transcripts.
Although a full-length construct lacking 5′ non-viral nucleotides and
driven by the 35S promoter would be expected to be highly infectious,
such a construct could not be used for in vitro transcription for hosts
not amenable to agroinﬁltration. The combination of the 35S and T7
promoters in the same construct offers a degree of ﬂexibility not
previously available from a single vector system; agroinﬁltration of
the full-length pGD-AltMV construct with the 35S-driven T7RNAP
increased the proportion of infected plants to 100%, and reduced the
time to symptom production to that observed with in vitro T7
transcripts. It is notable that the full-length pGD-AltMV construct was
infectious without addition of pCAM-T7RNAP despite the presence of
54 non-viral nucleotides upstream of the AltMV 5′ terminus; similar
infectivity was observed with the pGD-PVX vectors containing both
35S and T7 promoters. None of the additional non-viral nucleotides
was maintained in the viral progeny from in vivo transcription. In
many plant viral infectious clones the presence of additional
nucleotides has been reported to signiﬁcantly reduce or ablate
infectivity (e.g. Boyer and Haenni, 1994). However, infections of
Beet necrotic yellow vein virus could be established from in vivo 35S
transcripts in which clones of RNAs 3 and 4 contained up to 40 5′ non-
viral nucleotides, whereas in vitro transcripts of analogous clones
were not infectious (Commandeur et al., 1991). Taken together these
results suggest that infection by in vivo transcription is more tolerant
of non-viral nucleotides than in vitro transcripts.
Thirdly, we determined that there was RNA recombination
between the 5′ (RdRp) and 3′ (TGB123-CP) constructs. Mixtures of
each pGD-5RdRp3 variant plus pGD-5TGB123-eGFP-CP3C were able
to initiate infections which resulted from precise recombination in N.
benthamiana following co-agroinﬁltration with pCAM-T7RNAP.nt of TGB1 amino acid sequences of AltMV isolates and of Tulip virus X (TVX), Plantago
apaya mosaic virus (PapMV), Clover yellow mosaic virus (ClYMV), PVX, andWhite clover
oned Leu or Ile residues in other sequences are underlined, including the Leu residues of
ion of strong groups, and . = conservation of weak groups. B–C, Comparison of nuclear
ana leaf via agroinﬁltration. Top: RFP:Fibr and GFP overlay; middle: GFP; bottom: RFP:
t), pGDG-NMV:TGB1L86,89 (right). Note that in each case the ‘L’ forms aggregates within
of the nucleus. D–E, Agroinﬁltration was used to compare RNA silencing suppression
ated by digital photography (Top) or western blotting of leaf extracts with GFP-speciﬁc
pty vector pGD (and lane 1), pGD-PVX:TGB1L86 (lane 2), pGD-PVX:TGB1P86 (lane 3) or
empty vector pGD (and lane 1), pGD-NMV:TGB1L86,89 (lane 2), pGD-NMV:TGB1P86,89
Fig. 8. VIGS and protein expression in bipartite vector constructs. A. pGD-5RdRp3 was paired with derivatives of pGD-5TGB123-CP3C modiﬁed with duplicated CP subgenomic
promoters at either side of a newMCS. For VIGS, pGD-5TGB1P8823-MCS-CP3C has the TGB1P88 from AltMV 3-1; for protein expression pGD-5TGB1L8823-MCS-CP3C has TGB1L88 from
AltMV 3–7 (as in pGD-5TGB123-CP3C). B. (Top) Symptoms of N. benthamiana infected by agroinﬁltration with pGD-5RdRp3 paired with pGD-5TGB1L8823-MCS-CP3C (left) or pGD-
5TGB1P8823-MCS-CP3C (right). (Lower) A 323 nt PDS fragment was inserted into the MCS sites of both TGB1P88 and TGB1L88 constructs. Each combination of pGD-5RdRp3 and pGD-
5TGB1L8823-PDS-CP3C (left) or pGD-5TGB1P8823-PDS-CP3C (right) was inoculated to separate groups of N. benthamiana by agroinﬁltration. Leaves developed a bleached phenotype
caused by PDS silencing, shown at 30 dpi. C. (Top) PCR ampliﬁed eGFP was similarly inserted to both TGB1P88 and TGB1L88 constructs, and agroinoculated to N. benthamiana. At
30 dpi, the youngest expanded leaf was examined by LSCM. (Lower) Western blot of successive leaves from plants inoculated with TGB1L88 (upper) and TGB1P88 (lower) constructs
expressing eGFP, developed with anti-eGFP antibody. Bar=200 µm.
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Fig. 10. TGB1 Leu to Pro substitution increases VIGS efﬁciency of PVX. A. Infectious clone
pGD-PVX-MCS has the full-length PVX genome downstream of both 35S and T7
promoters (upper). The TGB1 was mutated by overlap PCR to alter L(86)P. A 323 bp
fragment of PDS was inserted into both TGB1L86 and TGB1P86 forms of the vector,
creating PVX-PDSL and PVX-PDSP, respectively (lower). B. Symptoms of N. benthamiana
infected by agroinﬁltration with pGD-PVX(TGB1L86)-MCS (left) or pGD-PVX(TGB1P86)-
MCS (right); the insert shows a western blot of systemic leaf extracts developed with
PVX-speciﬁc antibody. C. VIGS of PDS in agroinﬁltrated N. benthamiana. Left, PVX-PDSL,
and right, PVX-PDSP, showing signiﬁcantly greater bleaching resulting from infection
with PVX-PDSP.
Fig. 9. AltMV-eGFP was detected in ﬂowers and seed of infected plants. N. benthamiana
(A to D) and (E) Arabidopsis plants were infected with AltMV3–7-eGFP and allowed to
set seed. Stigmas and styles (A), petals (B), matured ovules (C), immature seeds (D) of
N. benthamiana, and immature seed pods (E) of A. thaliana were visualized by LSCM.
Bars=100 µm.
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steps necessary to insert fragments into the AltMV vectors while
retaining efﬁcient infection by agroinﬁltration. No recombination was
observed in the absence of pCAM-T7RNAP, or when in vitro transcripts
were inoculated, suggesting that a high level of transcripts are
required for efﬁcient recombination, and that DNA recombination did
not occur; it is possible that bipartite constructs lacking non-viral
nucleotides and driven solely by the 35S promoter might also be
infectious by agroinﬁltration. Although recombination occurred with
both 5TGB123-eGFP-CP3B and 5TGB123-eGFP-CP3C, which share a
237 nt overlap with 5RdRp3, the efﬁciency was far higher with the
5TGB123-eGFP-CP3C construct, suggesting that translation of the in-
frame deleted RdRp of this construct contributed to recombinationefﬁciency. Neither systemic infection nor recombination was ob-
served with the 5TGB123-eGFP-CP3A construct, suggesting that a
stable bipartite infection cannot be maintained. RNA recombination
has recently been demonstrated under high selection pressure
between defective PVX genomes delivered by agroinﬁltration;
160 H.-S. Lim et al. / Virology 402 (2010) 149–163because recombination also occurred when constructs were delivered
by particle bombardment, it was shown not to be mediated by A.
tumefaciens (Draghici and Varrelmann, 2009). Here we provide
further deﬁnitive experimental proof of recombination within the
genus Potexvirus distinct from the excision of non-viral sequences
from viral vectors (e.g. Chapman et al., 1992).
The fourth step utilized the different functionality (biology) of TGB1
variants. We previously identiﬁed two variants of the AltMV TGB1 that
differed in a single amino acid residue and having a signiﬁcant
differential effect on replication levels and RNA silencing suppression
(Lim et al., 2010).We have also extended our observations on AltMV to
make LeuNPro substitutions in the TGB1 of PVX and NMV, demonstrat-
ing in each case reduced (but not ablated) silencing suppression. The
strong silencing suppressor forms (GFP:TGB1-L) formed discrete
inclusions at the nucleolus, whereas the respective weak silencing
suppressor forms (GFP:TGB1-P) were observed in more diffuse
aggregates at the periphery of the nucleus. TGB1-L localization at the
nucleolus was correlated with silencing efﬁciency, suggesting that
organized nucleolar aggregation of TGB1 is essential for efﬁcient
suppression of RNA silencing, probably through interaction with
nucleolar components of the host RNA silencing complex (Kim et al.,
2009). Haas et al. (2008) have shown that a mutant of CaMV P6 protein
(a suppressor of RNA silencing) defective in nuclear import lost
suppressor function,which is required for CaMV infectivity independent
of its role in transcriptional transactivation; P6 also interacts with
nuclear dsRNAbindingproteinDRB4,which is itself required for optimal
action of DCL4 in Arabidopsis. Arabidopsis encodes multiple Dicer-Like
(DCL)proteins, ofwhichDCL1andDCL4arepredicted to containnuclear
localization signals, and DCL1 has been shown to localize to the nucleus
(Papp et al., 2003). The nucleolar association of effective silencing
suppressor forms of TGB1 which we have observed is consistent with
interactions with nucleolar components of the silencing complex
resulting in siRNA accumulation (Kim et al., 2009), which will be the
subject of further research. The Cucumber mosaic virus 2b RNA silencing
suppressor has also recently been shown to localize to the nucleolus,
and to interact with Argonaute proteins AGO1 and AGO4 in vivo
(González et al., 2010).
Together the features described here result in AltMV vectors
differing in a single amino acid residue in TGB1 [L(88)P] that are
respectively superior for protein expression and VIGS, and a high-
throughput bipartite launch system for either purpose. Thus, while
building an effective vector from a virus is not a trivial exercise
(Shivprasad et al., 1999), we have developed the AltMV system for
multiple applications. The AltMV host range includes the model hosts
N. benthamiana and Arabidopsis, as well as soybean (H-S. Lim and J.
Hammond, unpublished) and a number of ornamental crops including
Phlox spp., portulaca, angelonia, crossandra, and torenia. Expression
from the AltMV vectors was stable through multiple transfers, and
through seed transmission in Arabidopsis. The ﬂexibility of delivery
systems that we have developed indicates that AltMV has signiﬁcant
promise as a versatile vector system.
Materials and methods
Virus isolates and plant material
AltMV-SP was isolated from creeping phlox, Phlox stolonifera cv.
‘Sherwood Purple’, and maintained in N. benthamiana by mechanical
transmission (Hammond et al., 2006a). Plants of N. benthamianawere
grown in 10 cm pots, in a greenhouse maintained at 25 °C with a 14 h
photoperiod. Arabidopsis thaliana (ecotype Columbia) were grown in
six-pack seedling trays in a growth chamber at 25 °C unless otherwise
stated.
PVX isolate UK3 was derived from infectious clone pPC2S
(Baulcombe et al., 1995) by inoculation of RNA transcripts to N.
benthamiana. Plantago asiatica mosaic virus Nandina mosaic isolate GL(PlAMV-NMV-GL; hereafter NMV) was isolated from Nandina domes-
tica cv. ‘Fire Power’, and maintained in N. benthamiana by mechanical
transmission.
Evaluation of in planta transcription from the T7 promoter following
agroinﬁltration
All primers utilized in these experiments are shown in Supple-
mental Table 1. To test the ability of bacteriophage T7 RNA
polymerase (T7RNAP) to direct RNA synthesis from co-inﬁltrated
templates, the T7 RNA polymerase gene was ampliﬁed from
Escherichia coli BL21 genomic DNA using a forward primer containing
an SpeI recognition site and reverse primer containing a BstEII site.
The PCR product was cleaved with SpeI and BstEII and inserted into
pCAMBIA1305.1 (Cambia Labs), replacing the GUS Plus gene down-
stream of the Cauliﬂower mosaic virus (CaMV) 35S promoter, creating
pCAM-T7RNAP. The eGFP coding sequence was ampliﬁed from pGDG
(Goodin et al., 2002) by PCR using primers XhoI F-T7/BamHI R (sense
orientation) and BamHI F-T7/XhoI R (antisense orientation), cleaved
with XhoI and BamHI and inserted in sense and antisense orientations
into pGD-T7ttr (see below), creating pGD-T7eGFP and pGD-PFGe7T,
respectively (Fig. 1A).
Vector construction
For agroinﬁltration, each AltMV infectious cDNA was cloned into
the pGD binary vector (Goodin et al., 2002), into which we had
substituted a modiﬁed multiple cloning site (MCS; containing BamHI,
XmaI, SpeI, SwaI, and XbaI restriction enzyme sites) and T7
transcription termination sequence upstream of the nopaline
synthase (NOS) transcriptional terminator of pGD using the synthetic
oligomers (MCS-T7ttr-F and MCS-T7ttr-R). A mix of 20 nM of each
oligomer was heated at 95 °C for 5 min, cooled at room temperature
for 10 min, and ligated to PstI and XbaI digested pGD vector, creating
pGD-T7ttr. In a further derivative, the Cauliﬂower mosaic virus (CaMV)
35S promoter was removed from pGD-T7ttr by digestion with EcoRI
and PstI, and replaced with a 100 bp PCR fragment, creating pGD
(Δ35S)-T7ttr.
Full-length infectious clones (3-1, 3-7, 4-1, and 4-7) derived from
AltMV-SP were previously cloned into the TOPO vector (Invitrogen)
downstream of the T7 RNA promoter for in vitro RNA transcription
(Lim et al., 2010). Each of the full-length AltMV clones in TOPO was
digested separately with PstI and XmaI, and XmaI and XbaI. These two
fragments were cloned sequentially into appropriately digested pGD-
T7ttr and pGD(Δ35S)-T7ttr to create the respective pGD-AltMV and
pGD(Δ35S)-AltMV constructs for agroinﬁltration, including the T7
promoter sequence from the original TOPO vector (Fig. 2).
Separation of the RdRp and TGB+CP functions
A defective RNA consisting of the TGB, eGFP, and CP coding regions
between the AltMV 5′ and 3′ untranslated regions (UTR) was
constructed by digestion of pGD-AltMV3–7-eGFP with BamHI and
religation, removing the RdRp fragment between nt 224 and 4484 to
create pGD-5TGB123-eGFP-CP3C. Nucleotides 95–4720 (encompass-
ing the coding region of the RdRp) of AltMV infectious clones 3-7, 4-7,
3-1, and 4-1 (Lim et al., 2010) were separately ampliﬁed with primers
RdRp XhoIF and RdRp Pst1R, adding XhoI and PstI sites respectively,
and inserted into pGD between the XhoI and PstI sites, creating pGD-
RdRp3–7, pGD-RdRp4–7, pGD-RdRp3–1, and pGD-RdRp4–1. A. tumefa-
ciens bearing each of these RdRp constructs was separately mixed
with an equal amount of pGD-TGB123-eGFP-CP3C, and inﬁltrated into
the leaves of N. benthamiana. The empty pGD vector, and pGD-
TGB123-eGFP-CP3C were separately inﬁltrated as controls. The
relative expression of eGFP from each construct was determined by
161H.-S. Lim et al. / Virology 402 (2010) 149–163laser-scanning confocal microscopy (LSCM), and of CP by western
blotting.
Generation of a bipartite AltMV launch system, and insertion of a new
MCS
The T7 promoter, 5′ UTR, and complete RdRp (nt 1–4720) was
ampliﬁed from each of the infectious clones AltMV 3-7, 4-7, 3-1, and
4-1 using primers PstI-F and RdRp-Spe1-R to introduce an SpeI site at
the 3′ end of the RdRp. The 3′ untranslated region (UTR; nt 6482–
6607) was ampliﬁed with primers Spe1-F/Xba1-R2. The 3′ fragment
was digested with SpeI and XbaI and inserted into SpeI/XbaI digested
pGD-T7ttr, and the RdRp product digested with PstI and SpeI and
inserted upstream of the AltMV 3′ UTR to yield the respective pGD-
5RdRp3.
Three variants of the 5′ TGB123-CP 3′ region were prepared. For
the ﬁrst, the T7 promoter and 5′UTR (nt 1–95)were ampliﬁedwith T7
(1–95)XhoI F/(1–95)BamHI R, and cloned into pGD between the XhoI
and BamHI sites; the TGB123-CP-3′ UTR (nt 4704–6607) region was
ampliﬁed with 4704BamHI/Xba1-R2 and inserted as a BamHI/XbaI
fragment into pGD previously modiﬁed with the 5′ UTR to yield pGD-
5TGB123-CP3A. A second variant was prepared by partially digesting
pGD-AltMV 3–7 with BamHI (there are additional sites at nt 224 and
4704) and XbaI to release nt 4484–6607, and ligation of this fragment
into pGD previously modiﬁed with nt 1–95 as above, forming pGD-
5TGB123-CP3B. The third construct, pGD-5TGB123-CP3C, was derived
by BamHI digestion of pGD-AltMV3–7 and religation, removing the
RdRp fragment between nt 224 and 4484 and resulting in an in-frame
fusion of the truncated RdRp.
Additional variants of the 5′ TGB123-CP 3′ region containing eGFP
were prepared from pGD-AltMV3–7-eGFP by similar methods.
A duplicated AltMV CP sg-promoter and new MCS containing
restriction sites not occurring in either AltMV or pGD sequence
(HindIII, MluI, NcoI, SalI, and SpeI) were inserted between NcoI and
NheI sites upstream of the CP coding region, destroying the existing
NcoI and NheI sites and creating pGD-AltMV3–1-MCS(TGB1P88) and
pGD-AltMV3–7-MCS(TGB1L88) (Lim et al., 2010). pGD-AltMV-MCS3–1
(TGB1P88) and pGD-AltMV3–7(TGB1L88) were digested with BamHI
and re-ligated to created pGD-5TGB1P8823-MCS-CP3 and pGD-
5TGB1L8823-MCS-CP3 having the in-frame deletion of RdRp as for
pGD-5TGB123-CP3C.
In vitro transcription reactions, plant inoculations and Agrobacterium
inﬁltration
Infectious AltMV cDNA clones (either TOPO or pGD constructs)
were linearized with XbaI and RNA transcripts generated using T7
RNA polymerase as previously described (Petty et al., 1989). The
transcribed RNAs were resuspended in GKP buffer (50 mM glycine,
30 mM KHPO4, pH 9.2, 1% bentonite, 1% celite) and used to inoculate
N. benthamiana (Petty et al., 1989). Agrobacterium tumefaciens (strain
EHA105) inﬁltrations of N. benthamiana leaves were performed
essentially as described by Johansen and Carrington (2001). Inﬁltra-
tions always included bacteria containing plasmid pGD-p19, which
expresses the Tomato bushy stunt virus (TBSV) p19 coding region to
minimize host RNA silencing (Bragg and Jackson, 2004). For
inoculation of bipartite constructs, equivalent concentrations of
Agrobacterium cultures for the pGD-5RdRp3 and appropriate pGD-
5TGB123-CP3 construct, plus pGD-p19 and either with or without
pCAM-T7RNAP, were mixed in equal proportions and co-inﬁltrated to
the abaxial surface of the leaves of N. benthamiana.
Transient silencing suppression assays
To test silencing suppressor activity, we used an smGFP suppres-
sion assay as described (Bragg and Jackson, 2004). Because 35Spromoter-controlled GFP induces silencing of GFP expression (Shi-
boleth et al., 2007; Silhavy and Burgyan, 2004), we used only pGD:
smGFP co-inﬁltrated with the silencing suppressor as described (Lim
et al., 2010). Construct pGD-smGFP was co-inﬁltrated with pGD, pGD-
TGB1X (AltMV, PVX, or NMV TGB1 variants), pGD-HC-Pro or pGD-p19,
expressing no protein, TGB1 variants, SMV HC-Pro (Lim et al., 2005),
or TBSV p19 respectively. The relative degree of silencing suppression
was evaluated by GFP expression as recorded by digital photography
and LSCM (Lim et al., 2010), and bywestern blotting with GFP-speciﬁc
antibody.
Western blotting for detection of fusion protein or T7 RNA polymerase
expression
Total protein extracts from virus-infected N. benthamiana or leaves
transiently expressing fusion proteins or T7 RNA polymerase protein
were obtained by grinding fresh leaf tissue in Smash buffer (Deng et
al., 2007) and boiling for 10 min. Protein extracts representing
equivalent tissue weight were separated by electrophoresis in 12%
(10% for T7 RNA polymerase) polyacrylamide gel electrophoresis
(PAGE) and blotted onto a polyvinylidene diﬂuoride (PVDF) mem-
brane followed by visualization using antisera against eGFP or CP and
chemiluminescent detection. Anti-GFP Living Colors monoclonal
antibody (Clontech) and anti-T7 RNA polymerase monoclonal
antibody (Novagen, Madison, WI) were diluted as recommended by
the respective manufacturers. AltMV-speciﬁc rabbit polyclonal anti-
serum (a gift from Andrew Geering; (Geering and Thomas, 1999) was
diluted 1:2000; PVX-speciﬁc rabbit polyclonal antibody (Agdia) was
diluted 1:400). Detection was by horseradish peroxidase-conjugated
goat anti-rabbit (PerkinElmer; diluted 1:500,000) or anti-mouse
(Thermo; diluted 1:4000) antibodies, with SuperSignal-WestFemto
substrate (Thermo).
Detection ofﬂuorescence inN. benthamiana epidermal cells and subcellular
localization of TGB1 variants
GFP:TGB1 fusions (pGDG-TGB1X) were agroinﬁltrated into the
leaves of N. benthamiana, as previously described (Lim et al., 2010).
Nuclear localization was conﬁrmed as necessary by staining nuclei
with DAPI (Deng et al., 2007), and nucleolar localization was
conﬁrmed by co-inﬁltration of RFP:Fibr (Goodin et al., 2007; a gift
from Michael Goodin). GFP and RFP were detected by LSCM as
described, with RFP settings as for DsRed (Lim et al., 2010).
PCR to evaluate progeny of infections derived from the full-length or
bipartite launch systems
Primers were designed to determine whether 5′ non-viral
sequence derived from either the pGD vector transcripts from the
35S promoter (54 nt upstream of the T7 promoter), or the T7
promoter itself was retained in the viral progeny. Forward primers
were designed from the pGD-AltMV MCS (pGD MCSXho-F), the T7
promoter (T7-F), and the AltMV 5′ UTR (5′ UTR-F), each paired with
AltMV-399-R. Total RNA extracts were prepared as previously
described (Lim et al., 2010); PCR was carried out with oligo(dT)20
primed cDNA transcribed from total RNA from plants systemically
infected with either pGD-AltMV or by the combined bipartite
constructs [pGD-5RdRp3+pGD-5TGB123-CP3C] by agroinﬁltration
in the presence of pGD-p19 and pCAM-T7RNAP, and with pGD-AltMV
plasmid DNA as a control.
In order to determine whether the bipartite launch system was
maintained as a bipartite virus or recombined to full-length AltMV,
total RNA extracts from systemically infected leaves were used as
templates for RT-PCR; cDNA was transcribed with an oligo(dT)20
primer. PCRwas carried out using Pfu polymerase and primers 5′UTR-
F/3′ UTR-R speciﬁc for the AltMV 5′ UTR and 3′ UTR respectively, with
162 H.-S. Lim et al. / Virology 402 (2010) 149–163an extension time of 4 min at 68 °C, sufﬁcient to amplify the full AltMV
genome. These primers are expected to yield a c. 4.85 kbp product for
the 5RdRp3 construct, c. 2.37 kbp product for the 5TGB123-CP3C
construct, or the full genome.
In order to evaluate recombination between the RdRp and
TGB123-CP components of the bipartite launch system, the RdRp/
TGB1 overlap region was ampliﬁed with primers RdRp-RecF/TGB1-
Rec-R from total RNA puriﬁed at 20 dpi from systemically infected
leaves of plants infected with the combination of pGD-5RdRp3 and
pGD-5TGB123-CP3C. The resulting PCR product was cloned in the
TOPO vector, and six clones were sequenced.
Expression and puriﬁcation of GST fusion proteins in E. coli and in vitro
phosphorylation assay
To produce GST fusion proteins in E. coli, AltMV TGB1L88 and
TGB1P88 were ampliﬁed utilizing the primers shown (Supplemental
Table 1), and subcloned following EcoRI/XhoI digestion into similarly
digested vector pGEX-4T-1 for expression of GST:TGB1L88 and GST:
TGB1P88 fusions. OST1 SnRK2 type kinase (Yoshida et al., 2006) was
used as a positive control for phosphorylation. All GST fusion
constructs were transformed into E. coli strain BL21(DE3) cells.
Protein expression and puriﬁcation of GST fusion proteins were
performed as described (Li et al., 2006).
For phosphorylation assays, the buffer contained 20 mM Tris–HCl
(pH 7.5), 2.5 mMMnCl2, 2.5 mMMgCl2, 1 mMCaCl2 and 1 mMDTT in a
total volume of 40 μl including 7.5 μCi of [γ-32P]ATP and 100 ng of the
protein being tested. Following incubation for 30 min at 30 °C, the
reaction was stopped by adding 12.5 μl of 5× Laemmli loading buffer;
20 μl of themixturewas then separatedby SDS/PAGEusing a 10% (w/v)
acrylamide gel. The gel was dried and 32P was detected by autoradiog-
raphy using a Typhoon 8600 imager (Molecular Dynamics).
Bipartite vector assays for protein expression and VIGS
Variants of pGD-5TGB123-CP3C carrying the TGB1 sequence from
either 3′ clone 1 (TGB1P88; pGD-TGB1P8823-MCS-CP3C) or 3′ clone 7
(TGB1L88; pGD-TGB1L8823-MCS-CP3C) (Lim et al., 2010) were prepared
and eGFP was inserted into each, creating pGD-TGB1P8823-eGFP-CP3C
and pGD-TGB1L8823-eGFP-CP3C. Constructs expressing eGFP were
agroinoculated to N. benthamiana and A. thaliana together with pGD-
5RdRp3 and pCAM-T7RNAP. Leaves, petals, ﬂowers, styles, seed pods,
and both immature andmature seeds were examined by LSCM. Mature
Arabidopsis seeds were collected for subsequent germination and
examination of seedlings for eGFP and symptom expression.
Serial transfers were made from systemically infected tissue of
agroinoculated N. benthamiana to fresh N. benthamiana at 20–30 day
intervals to determine the stability of eGFP expression through
subsequent passages; leaf tissue at each passage was examined for
eGFP expression by LSCM.
To examine the efﬁcacy of VIGS with the pGD-TGB1P8823-MCS-
CP3C and pGD-TGB1L8823-MCS-CP3C variants, a 323 bp fragment of
the N. benthamiana phytoene desaturase (PDS) coding sequence
(EU165355) was inserted in the MCS in the positive (mRNA)
orientation with respect to the AltMV genome. Plants were infected
by agroinoculation using the bipartite launch system, and visible
symptoms of photobleaching in systemically infected leaves were
recorded with a digital camera at 30 dpi.
Sequence analysis
Wehave previously reported the natural occurrence of AltMV single
amino acid (aa) variants TGB1L88 and TGB1P88, and differences in their
efﬁciency as suppressors of RNA silencing (Lim et al., 2010). A BLAST
search with the AltMV TGB1 aa sequence as query identiﬁed similarity
to the TGB1 proteins of other potexviruses (NCBI), and conserveddomains were examined using the CDD option within NCBI (Marchler-
Bauer et al., 2007). The TGB1 aa sequences of additional AltMV isolates
AltMV-PA (NC_007731) and AltMV-RU (FJ822136), as well as PVX-UK3
(M95516), PlAMV (NMV, Hughes et al., 2005; AY800279), PapMV
(NC_001748), White clover mosaic virus (WClMV; NC_003820), Clover
yellow mosaic virus (ClYMV; NC_001753), Zygocactus virus X (ZVX;
NC_006059), and Tulip virus X (TVX; NC_004322) were selected for a
CLUSTALW alignment using Biology Workbench (http://workbench.
sdsc.edu/).
Cloning and expression of TGB1 of AltMV, PVX and NMV, and
site-directed mutagenesis
All binary vectors used in these studies were derived from
plasmids pGD (to express free protein), and pGDG (GFP:protein
fusion), as previously described (Goodin et al., 2002). Expression of
AltMV TGB1L88 and TGB1P88 in pGD and pGDG vectors has been
reported previously (Lim et al., 2010). The TGB1 of PVX and NMV
were separately subcloned into pGD and pGDG by the same
procedure, for expression via agroinﬁltration. Selected aa residues of
the PVX, and NMV TGB1 constructs were mutated by overlap PCR
(Wurch et al., 1998); followingmutagenesis the sequence of all clones
was conﬁrmed prior to subcloning into pGD or pGDG.
Generation of an infectious clone of PVX downstream of both CaMV 35S
and T7 promoters and substitution of PVX TGB1P86 for TGB1L86
A full-length PVX PCR product derived from plants inoculated with
pP2CS transcripts was ligated into the TOPO vector (Invitrogen), and
then transferred into pGD-T7ttr downstream of the 35S promoter,
creating pGD-PVX, having the PVX sequence downstream of both the
35S and T7 promoters. A modiﬁed MCS was then inserted, creating
pGD-PVX-MCS. The region of pGD-PVX-MCS including nt 3940 (AvrII)
to the 3′ end (SpeI) was ampliﬁed by PCR using the primers shown in
Supplemental Table 1, and subcloned in the TOPO vector. Overlap PCR
(Wurch et al., 1998) was used to change L(86) to P(86) with the
primers shown in Supplemental Table 1, creating TOPO-3940-6541
(TGB1P86). This construct was digested with AvrII and SpeI, and
substituted into similarly digested pGD-PVX-MCS to create pGD-
PVXTGB1-P. A 323 bp PDS fragment was inserted into each PVX variant
as for AltMV.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.virol.2010.03.022.
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